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Sub-GeV Dark Matter
¥ Relic Density points to WIMPs: DM with weak scale mass/interaction 

¥ Observed Relic Density also possible with sub-GeV DM belonging to a hidden 
sector 

¥ Requires non-SM annihilation 

¥ e.g. DM couples to mediator which mixes with photon and/or couples to 
baryonic current . 

¥ DM light !  small recoil !  inaccessible to direct detection 

¥ Boosted DM can be produced in Þx target experiments. 

¥ Neutrino beam experiments have larger detector volume than typical Þx 
target experiments. 

¥ LBNF beam power of course also helpsÉ 

¥ DM searches add to physics motivations: neutrino, supernova, and proton decay.



¥ Light mediator is the only requirement for relic density. 

¥ Some simple model independent possibilities/choices:  

¥ Mediator: Scalar or vector (aka Higgs/Vector portal) 

¥ On-shell/off-shell: usually assume mV > 2m!  

¥ Production:  

¥ Indirect: dominant at low energy, e.g. miniBooNE 

¥ Direct: dominant at high energy, e.g. E-LBNF 

¥ Detection: Nuclear/Electron RecoilÉ closer the better. 

¥ Dark Matter: Scalar/Dirac  

¥ Model Parameters: mX, mV, "  (mixing parameter), É 

¥ Lots of other possibilities: much richer hidden sector with multiple mediator DM components, 
leptophobic DM, É
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FIG. 4. Top: production distributions of scalar DM as a function of lab frame angle with respect to the beam, normalized
to unity, in the case of a vector mediator with mV = 1 GeV. The solid curves indicate pp collisions and the dashed ones
pn collisions. The set of curves that peak at ! ! 1! corresponds to a p beam with an energy equal to that of the MINOS
experiment ( Ebeam = 120 GeV,

"
s = 15 GeV) while the curves that peak at ! ! 4! correspond to a p beam with an energy

equal to that of T2K ND280 ( Ebeam = 30 GeV,
"

s = 7 .6 GeV). Bottom left: production cross sections in the case of a vector
mediator ( mV = 1 GeV) and scalar DM for m! = 100 , 300, 450 MeV (solid, dashed, dotted) as functions of the DM angle
with the beam in the lab frame in the case of pp collisions at an energy corresponding to the T2K experiment. The range of
angles shown coincides with those covered by the o ! -axis ND280 near detector at T2K. Bottom right: the same at MINOS
beam energy. The angles shown here are those that the MINOS near detector covers.

case in Eq. (9). In the S rest frame, the DM
is simply produced isotropically,

g(cosö! ) =
1
2

. (15)

Because of the weak scale and loop factor sup-
pressions in Eq. (14), scalar mediator produc-
tion is extremely small compared to the that of
a vector at GeV scales. Thus, current neutrino
experiments are much less sensitive to DM sce-
narios involving a GeV-scale spin-0 mediator
than they are to a spin-1 mediator. Along with
other factors to be discussed in the next sec-
tion, this will lead us to focus only on the direct
production of vector mediators.

¥ Indirect production: This corresponds to pro-
duction of X via the decay of hadronic states
(generically denoted " ) produced in the pri-

mary pp and pn interactions,

p + p(n) ! " + á á á
"

X + á á á
" ## (16)

Depending on the beam energy and form of the
target, the relevant decay lengths ensure that
this entire sequence of events will occur either
inside the target itself or in the subsequent de-
cay volume.

In practice, this process is most important in
the low mass range where, for example, the
large production rate of neutral pseudoscalar
mesons " = $0, % can dominate the over-
all production of VÕs in particular. The me-
son production distribution at MiniBooNE is
well-described by the Sanford and Wang Þt
f SW (! , p) as described in [19], and utilized pre-
viously in [12]. To estimate the meson pro-
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FIG. 1. Direct production of scalar dark matter via the vector portal. The leading-order process is shown on the left, which
is helicity suppressed in the forward direction. The process on the right is higher order in ! s , and also phase space suppressed,
but has less helicity suppression in the forward direction.
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FIG. 2. Direct production of dark matter via the scalar por-
tal. The solid gluon fusion ggh vertex is generated at 1-loop.

FIG. 3. The total production cross section of a vector media-
tor at T2K and MINOS energies as a function of the mediator
mass. The solid and dashed curves indicate the cross sections
for pp ! V and pn ! V respectively. The PDF scale has
been Þxed to Q = mV .

at T2K ND280 and MINOS in the case that
mV = 1 GeV and m! = 300 MeV. We fo-
cus on the o! -axis ND280 detector at T2K,
to contrast with the on-axis detector at MI-
NOS in sampling the angular production dis-
tribution. However, comparing ND280 to the
on-axis INGRID detector at T2K would pro-
vide a similar contrast. In the bottom left of
Fig. 4, we zoom in on the relevant angular re-
gion for the o! -axis T2K ND280 near detector

and show the scalar DM angular distribution
for mV = 1 GeV and several DM masses pro-
duced in pp collisions. We do the same in the
range of angles around the MINOS near detec-
tor in the bottom right of Fig. 4. As the mass
of the DM is increased, it is produced in the
more forward direction since its velocity in the
V rest frame decreases. However, the angu-
lar distribution of scalar DM produced via a
vector mediator, Eq. (10), suppresses the pro-
duction of DM along the beam direction itself.
Thus, despite the smaller cross section for the
production of vector mediators as a result of
the lower energy of its beam, a larger number
of DM particles may pass through the o! -axis
T2K ND280 near detector than the on-axis
MINOS near detector. This suppression along
the beam axis is lessened somewhat when con-
sidering higher-order production mechanisms
like the diagram on the right of Fig. 1, which
we do not include in this study.

We show the energy distribution of scalar DM
for mV = 1 GeV and a range of m! in pp
collisions for T2K at ! = 2! and for MINOS at
! = 0.025! in Fig. 5.

For a scalar mediator, the leading-order direct
production cross section is

" (pp(n) ! S) =
#2

sGF N 2! 2

288
"
2$

(14)

#
!

q

" 1

"

dx
x

%f g (x) f g

# %
x

$
.

Here, %= m2
S/s and the PDF f g (x) is the

probability of finding a gluon with momentum
fraction x in a nucleon. Up to threshold e! ect
corrections, N counts the number of quarks
with a mass greater than $ 0.2mS [17].

The DM distributions in the lab frame can be
related to the di! erential production cross sec-
tion in the same way as in the vector mediator
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¥ Direct production: This corresponds to
hadron-level processes such as pp(n) ! X ⇤ !
�̄� (or �  �) as shown in Figs. 1 and 2. In prac-
tice, since X can decay to �̄�, we will use the
narrow width approximation so that X is pro-
duced on-shell. In this approximation, valid to
O

!
e02,�2

"
, the cross section for the production

of a DM pair can be written as

� (pp(n) ! X ⇤ ! �̄�)

= � (pp(n) ! X ) Br (X ! �̄�) . (7)

The direct production cross section of a vector
mediator is

� (pp(n) ! V ) =

# 1

!
dx

d� (pp(n) ! V )

dx

=
4⇡2↵2

m2
V

$

q

e2
q

# 1

!

dx
x

⌧
%
f q/p (x) f øq/p (n )

&⌧

x

'
+ f øq/p (x) f q/p (n )

&⌧

x

'(
, (8)

where eq is the charge of quark q in units
of the positron electric charge, ⌧ = m2

V /s ,
and

"
s is the hadron-level center-of-mass en-

ergy. The parton distribution function (PDF)
f q/p (n ) (x) gives the probability of extracting
the quark q with momentum fraction x from a
proton (neutron) and similarly for f øq/p (n ) (x).
We have omitted the scale, Q, at which the
PDFs are evaluated. To obtain estimates, we
use CTEQ6.6 PDFs [16] and set Q = mV ;
varying Q in between mV / 2 and 2mV resulted
in an uncertainty in the production cross sec-
tion of less than # 30% for mV > 1 GeV at
T2K and MINOS beam energies. Higher-order
QCD corrections are large, introducing an er-
ror that can potentially be O(1).

The production cross section as a function of
the DM lab frame energy, E" , and the an-
gle between its lab frame momentum and the
beam direction, ✓, can be related to the di! er-
ential cross section in Eq. (8) through

d� (pp(n) ! V ! �̄�)

dE" dcos ✓
=

)
@(x, cos ✓̂)
@(E" , cos ✓)

*

(9)

$
d� (pp(n) ! V )

dx
Br (V ! �̄�) g

&
cos ✓̂

'
,

where ✓̂ is the angle between the momentum
of � and the beam in the V rest frame and
the quantity in square brackets is the Jaco-
bian associated with this variable change. The
function g describes the angular distribution
of the DM in the V rest frame. For scalar DM
produced through a vector mediator, this is

g
&
cos ✓̂

'
=

3

4

&
1 %cos2 ✓̂

'
. (10)

If, instead, � is a Dirac fermion, then

g
&
cos ✓̂

'
=

3

8

&
1 + cos2 ✓̂

'
. (11)

We will find the distribution of V momenta
useful,

f V (pV ) =
1

� (pp(n) ! V )

d� (pp(n) ! V )

dpV
(12)

=
1

� (pp(n) ! V )

dx
dpV

d� (pp(n) ! V )

dx
,

with pV the momentum of V in the lab frame
which is related to x through

pV =
�pB mT"

s
(13)

$

+

, 1 + �

-

1 +
m2

V s

(x %⌧ /x )2 p2
B m2

T

. 1/ 2
/

0 ,

where mT = mp,n is the target mass, pB is the
momentum of the beam, �� = pB /

"
s, and

� = 1/
1

1 %�2.

For illustration, in Figs. 3–5 we present the
resulting direct production distributions for a
vector mediator that subsequently decays to
scalar DM at the T2K and MINOS experi-
ments, where Ebeam = 30, 120 GeV (

"
s &

7.6, 15.1 GeV), respectively; see Sec. 4 for fur-
ther details of these experiments. Fig. 3 shows
the total production cross section for pp and
pn collisions at T2K and MINOS as a func-
tion of the vector mediator mass. After inte-
grating over energy, the angular distribution
of scalar DM is shown in the top of Fig. 4
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FIG. 1. Direct production of scalar dark matter via the vector portal. The leading-order process is shown on the left, which
is helicity suppressed in the forward direction. The process on the right is higher order in ! s , and also phase space suppressed,
but has less helicity suppression in the forward direction.

g

g !

!  h S

FIG. 2. Direct production of dark matter via the scalar por-
tal. The solid gluon fusion ggh vertex is generated at 1-loop.

FIG. 3. The total production cross section of a vector media-
tor at T2K and MINOS energies as a function of the mediator
mass. The solid and dashed curves indicate the cross sections
for pp ! V and pn ! V respectively. The PDF scale has
been Þxed to Q = mV .

at T2K ND280 and MINOS in the case that
mV = 1 GeV and m! = 300 MeV. We fo-
cus on the o! -axis ND280 detector at T2K,
to contrast with the on-axis detector at MI-
NOS in sampling the angular production dis-
tribution. However, comparing ND280 to the
on-axis INGRID detector at T2K would pro-
vide a similar contrast. In the bottom left of
Fig. 4, we zoom in on the relevant angular re-
gion for the o! -axis T2K ND280 near detector

and show the scalar DM angular distribution
for mV = 1 GeV and several DM masses pro-
duced in pp collisions. We do the same in the
range of angles around the MINOS near detec-
tor in the bottom right of Fig. 4. As the mass
of the DM is increased, it is produced in the
more forward direction since its velocity in the
V rest frame decreases. However, the angu-
lar distribution of scalar DM produced via a
vector mediator, Eq. (10), suppresses the pro-
duction of DM along the beam direction itself.
Thus, despite the smaller cross section for the
production of vector mediators as a result of
the lower energy of its beam, a larger number
of DM particles may pass through the o! -axis
T2K ND280 near detector than the on-axis
MINOS near detector. This suppression along
the beam axis is lessened somewhat when con-
sidering higher-order production mechanisms
like the diagram on the right of Fig. 1, which
we do not include in this study.

We show the energy distribution of scalar DM
for mV = 1 GeV and a range of m! in pp
collisions for T2K at ! = 2 ! and for MINOS at
! = 0 .025! in Fig. 5.

For a scalar mediator, the leading-order direct
production cross section is
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Here, % = m2
S/s and the PDF f g (x) is the

probability of Þnding a gluon with momentum
fraction x in a nucleon. Up to threshold e! ect
corrections, N counts the number of quarks
with a mass greater than$ 0.2mS [17].

The DM distributions in the lab frame can be
related to the di! erential production cross sec-
tion in the same way as in the vector mediator
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FIG. 1. Direct production of scalar dark matter via the vector portal. The leading-order process is shown on the left, which
is helicity suppressed in the forward direction. The process on the right is higher order in ! s , and also phase space suppressed,
but has less helicity suppression in the forward direction.
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FIG. 2. Direct production of dark matter via the scalar por-
tal. The solid gluon fusion ggh vertex is generated at 1-loop.

FIG. 3. The total production cross section of a vector media-
tor at T2K and MINOS energies as a function of the mediator
mass. The solid and dashed curves indicate the cross sections
for pp ! V and pn ! V respectively. The PDF scale has
been Þxed to Q = mV .
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Sub-GeV DM Models



Preliminary study

DM within acceptance

Note off axis max



Background
¥ Signal looks like a neutrino, so neutrinos are the primary backgroundÉ

¥ Fighting backgrounds: 

¥ DM arrives later that NeutrinosÉ. use timing. Higher energy !  better separation. 

¥ DM are heavierÉ use scattering angle. 

¥ MiniBooNE ran off axis, forcing pions to interact before decay. 

¥ Ideas to separate neutrino and DM beamsÉ



Beam ideas

!  target
Beam 
Dump

High 
Precision 
Detector

p, "0, #

" +(-), 
charged 
mesons

Decay pipe LBNE detector 
system

p

Focusing  
horns

dipole

¥ Add a dipole: Double-sign Selected Horn System (DSHS)

¥ BeneÞts to Neutrino Program: 

¥ Eliminates nu-eÕs coming from neutral kaon decays "  reduce oscillation systematics  

¥ Further sign select neutrino beams "  reduce CPV systematics 

¥ Further reduce muons resulting from un-interacted protons dumped into absorber  

¥ Preliminary Beam Study of Impact on Neutrinos: loose 9% (13%) of neutrinos if dipole placed after Þrst (second) horn. 

¥ Studying pion transverse momentum gradient in order to tune magnetic Þeld to minimize losses. 

¥ Alternatively, we may be able to introduce a beam tilt, and use remaining protons for a beam dump experiment.



LBNE potential

LHC potential

Back of the envelope estimateÉ studies underway.



Final Remarks
¥ Sub-GeV Dark Matter searches provide an additional physics motivation beyond neutrino, supernova, and 

proton decay program. 

¥ Potentially we can probe 2-3 orders of magnitude smaller cross-sections and much lower masses than 
LHC. 

¥ UTA group has coded direct/indirect production and nuclear/electron recoil into private Monte Carlo. 

¥ Goal is to provide simulated samples for ELBNF within the full software framework. 

¥ Basis for studies to ensure ELBNF meets sub-GeV DM requirements. 

¥ Sub-GeV DM requirements may inßuence the Near Detector choice/design.  

¥ Also joining miniBooNE search going on now. 

¥ Neutrino backgrounds may be challenging. Alternative Beam-lines and dedicated detectors may be an 
better alternative. 

¥ The reduction of systematics must be carefully evaluated against loss in neutrino ßux.  

¥ UTA also heavily involved in beam simulationsÉ hoping for a viable design.  

¥ Probably require bigger target hall. 

¥ Just getting startedÉ many, many studies to come.


